The distribution of mutants in the Keio collection of Escherichia coli gene knockout mutants that display increased sensitivity to the aminoglycosides kanamycin and neomycin indicates that damaged bases resulting from antibiotic action can lead to cell death. Strains lacking one of a number of glycosylases (e.g., AlkA, YzaB, Ogt, KsgA) or other specific repair proteins (AlkB, PhrB, SmbC) are more sensitive to these antibiotics. Mutants lacking AlkB display the strongest sensitivity among the glycosylase-or direct lesion removaldeficient strains. This perhaps suggests the involvement of ethenoadenine adducts, resulting from reactive oxygen species and lipid peroxidation, since AlkB removes this lesion. Other sensitivities displayed by mutants lacking UvrA, polymerase V (Pol V), or components of double-strand break repair indicate that kanamycin results in damaged base pairs that need to be removed or replicated past in order to avoid double-strand breaks that saturate the cellular repair capacity. Caffeine enhances the sensitivities of these repair-deficient strains to kanamycin and neomycin. The gene knockout mutants that display increased sensitivity to caffeine (dnaQ, holC, holD, and priA knockout mutants) indicate that caffeine blocks DNA replication, ultimately leading to double-strand breaks that require recombinational repair by functions encoded by recA, recB, and recC, among others. Additionally, caffeine partially protects cells of both Escherichia coli and Bacillus anthracis from killing by the widely used fluoroquinolone antibiotic ciprofloxacin.
T he proliferation of multidrug-resistant pathogens is a major problem in public health (1, 17) . For example, methicillinresistant Staphylococcus aureus (MRSA) alone resulted in approximately 90,000 cases and more than 15,000 deaths in the United States in 2008 (9) . The search for new approaches to combat drugresistant pathogens is multifaceted. One method is to look for potentiators of existing drugs (see, e.g., reference 14); this involves identifying targets for increasing the susceptibility to antibiotics and genotoxic agents. We can discover targets by determining which gene knockouts result in increased susceptibility, as has been investigated in a number of cases (see, e.g., references 26, 35, 44, 45, and 51) . We have extended this approach to the work described here. This method also reveals aspects of the mechanisms of action of different antibiotics, beyond identification of the primary target of an antibiotic (see, e.g., reference 32), which have been the subject of intense study (for reviews, see references 1, 17, and 53). Recently, Collins and coworkers proposed that bactericidal antibiotics kill cells by generating hydroxyl radicals and presented evidence that these reactive oxygen species are generated after antibiotic treatment (39) (40) (41) . Might this be different for different bactericidal antibiotics? Aminoglycoside antibiotics are a case in point, since they initially target the ribosome and result in interference with the fidelity of protein synthesis (19, 53) . However, Collins and coworkers proposed that the mistranslation provoked by aminoglycosides leads to a progression of events in which incorrectly folded proteins cause membrane stress that leads to increased iron uptake and increased oxygen generation, which, in turn, leads to Fenton reaction generation of the hydroxyl radicals (41; see also reference 18). How can one distinguish between the generation of reactive oxygen species causing cell death and the generation of reactive oxygen species resulting from cell death? Examination of the distribution of mutants with increased sensitivities to antibiotics can reveal functions that normally protect the cell from killing by specific antibiotics (see above). If removal of those functions results in increased sensitivity to cell killing by an antibiotic, this result implies that we are dealing with a cause of cell death.
Here we have examined the distribution of gene knockout mutants in the Escherichia coli Keio collection that show enhanced sensitivity to kanamycin (KAN). This reveals that the aminoglycosides KAN and neomycin (NEO) result in damaged bases. This damage is normally removed by one of a set of DNA glycosylases or by other repair proteins involved in lesion removal. Cells lacking one of these glycosylases are more sensitive, and AlkB-deficient mutants are the most sensitive, perhaps indicating that ethenoadenine and related adducts play a key role in KAN-mediated cell death, resulting from the triggering of lipid peroxidation by reactive oxygen species and subsequent ethenoadenine generation (13, 25) .
We have also studied the enhancement of KAN killing by caffeine (1,3,7-trimethylxanthine) (CAF), which has been shown to increase the susceptibility of bacteria and higher cells to different antibiotics and DNA-damaging agents, including chemo-therapeutic agents (10, 30, 52) , although the exact mechanism is not completely clear. CAF can intercalate into DNA (65), interfering with DNA synthesis (58) and resulting in certain frameshift mutations (54) . Moreover, CAF directly inhibits both E. coli photolyase and UvrABC excinuclease (60) . We have examined the distribution of gene knockouts in the E. coli Keio collection that show enhanced sensitivity to CAF. The results are consistent with the idea that CAF slows down and ultimately blocks DNA replication, leading to double-strand breaks. Surprisingly, we find that in contradistinction to the results with KAN, CAF actually suppresses killing by ciprofloxacin, a fluoroquinolone antibiotic that is widely used to treat infections, including those resulting from Bacillus anthracis. We detect this effect for both Escherichia coli and Bacillus anthracis.
MATERIALS AND METHODS
E. coli strains. The Keio collection has been described by Baba et al. (4) and was made from the starting strain BW25113 (15 (5) . APH(3=)-II transfers a nucleoside monophosphate group to a hydroxyl group of kanamycin, inactivating the antibiotic (for a review, see reference 61).
E. coli genetic methods. Unless otherwise stated, all genetic methods used are those described by Miller (49) .
Use of the Duetz cryoreplicator. The Duetz cryoreplicator (23) contains 96 prongs on individual springs, allowing its frequent application to frozen glycerol cultures. The Keio collection (4) is maintained on 45 96-well microtiter plates and is stored at Ϫ80°C in glycerol. Material from frozen microtiter plates was transferred to microtiter wells with 0.5 ml of LB and was incubated overnight; then the replicator was used to transfer a microdrop to microtiter wells with fresh LB medium. After 3 h of growth, these plates were printed onto LB plates with different concentrations of different antibiotics.
Sequential spotting. Cells were grown in LB at 37°C to a density of approximately 1 ϫ 10 8 to 2 ϫ 10 8 /ml and were placed on ice for 10 min before being serially diluted into chilled LB tubes. Samples (0.5 ml) were then pipetted into 96-well microtiter plates, which were then used to print onto media with different amounts of antibiotics. A typical progression results in approximately 0.5 ϫ 10 CFU onto an LB plate with the appropriate concentration of the desired antibiotic and examining the spots after overnight incubation at 37°C. Verification of selected strains from the Keio collection. A collection of 4,000 strains will contain some errors and some impure strains. The latter problem can be minimized by repurifying and retesting from single colonies. Mori and coworkers have retested all of the strains in the Keio collection to detect and eliminate errors (68) . Using PCR and sequencing, we have verified the copies of strains with deletions of the following markers used in this study: alkA, alkB, umuC, phrB, sbmC, mug, xseA, dinB, recA, uvrA, umuC, and recF (see also reference 6). Using a primer within the kan gene and a primer outside of the gene it replaced, we could show that a kan insert was at the correct position. Using internal primers for each deleted gene, we could show that there was no other copy of the gene elsewhere in the chromosome. Controls with the starting wild-type strain showed that the internal primers were efficient.
Chemicals. Kanamycin, neomycin, tobramycin, caffeine, theophylline (THEO), and cisplatin (CPT) were purchased from Sigma (St. Louis, MO). Bleomycin was purchased from Calbiochem (San Diego, CA). Ciprofloxacin was purchased from ICN Biomedicals, Inc., Aurora, OH. 
RESULTS
Kanamycin sensitivity and caffeine enhancement. We examined a large set of the Keio strain collection to find gene knockout mutants that displayed increased susceptibility to the aminoglycoside kanamycin (KAN). We also investigated the enhancement of KAN action by caffeine (CAF). It should be noted that each mutant carries a gene that confers resistance to KAN concentrations greater than 300 g/ml for the wild type, so concentrations of 100 to 300 g/ml represent distinct subinhibitory concentrations. At 400 g/ml KAN, wild-type strains carrying the resistance marker fail to grow. We found that mutants lacking one of several repair proteins, including the AlkA glycosylase, the AlkB dioxygenase, photolyase (encoded by phrB), and SbmC (previously termed GyrI) show increased susceptibility to KAN. The highthroughput printing protocol used for the initial screening here (see Materials and Methods) applies 2 ϫ 10 5 cells to 10 6 cells per spot, which allows easy detection of strongly increased susceptibilities, but it is not ideal for detecting moderate or weakly increased susceptibilities. Therefore, we examined mutants deficient in different repair functions further by sequential spotting (see Materials and Methods). Figure 1 shows the results for a set of mutants with increased susceptibilities to KAN at concentrations of 200 g/ml and 300 g/ml. The control for the experiments involving KAN is the starting strain carrying an insert conferring KAN resistance in a gene that is not expressed, in this case bglB. 2. AlkB-deficient mutants display the strongest susceptibility to KAN among the repair-deficient strains tested, and this can be seen even at 100 g/ml (Fig. 2 ) and 50 g/ml (data not shown). Numerous glycosylase-deficient mutants, though not all, display increased sensitivities to some degree, as do mutants deficient in photorepair (phrB), excision repair (uvrA), and translesion synthesis (umuC; deficient in Pol V). The results in Fig. 1 run parallel to those in Fig. 2 , with only two exceptions, dinB (encoding Pol IV) and mutY, both of which show effects with high KAN concentrations but not consistently with 100 g/ml KAN plus CAF. The genes relating to DNA replication, recombination, or repair whose knockout mutants show increased sensitivity to 0.5 mg/ml CAF plus 100 g/ml KAN are as follows: holD, holE, priA, recA, recB, recC, recD, recT, recO, recR, recN, ruvA, ruvC, seqA, uvrC, xseA, and xseB. Some of the mutants deficient in double-strand break repair (the recA and recB mutants) have been identified in a previous study with gentamicin and neomycin (45) , and recA has been identified in a study with KAN (39). We do not find increased sensitivities in mismatch repair-deficient strains (e.g., mutS mutants [data not shown]), mutT mutants, nei mutants, or ahpC mutants; the latter result is in contrast with those of Wang and Zhao (67) . Caffeine sensitivity. In order to facilitate understanding of the enhancement of the action of KAN by CAF seen in Fig. 2 , we investigated the effects of CAF on the growth of different mutants from the Escherichia coli Keio collection. We screened sets of mutants already shown to be more susceptible to one of a series of antibiotics (45, 63) , as well as selected segments of the remaining collection that contain mutants with defects in known genes (see Materials and Methods). We find that at concentrations of 0.25 mg/ml or less, CAF does not significantly affect the growth of E. coli or of most of the single-gene knockout mutants in the Keio collection. Hypersusceptible mutants are easily detected at 2.5 mg/ml CAF, as exemplified by the plate shown in Fig. 3 , which contains a set of 96 mutants that show sensitivity to 1 of 22 antibiotics tested previously. Functions involved in many different processes are affected, although here we indicated several mutants lacking functions related to DNA repair. At 4 mg/ml CAF, wildtype E. coli fails to grow (data not shown). Figure 4 shows the results of sequential spotting for several mutants deficient in functions related to DNA replication, repair, or chromosome structure. Here one can see that the holC and dnaQ mutants are indistinguishable from the wild type at 1 mg/ml of CAF but cannot grow at 2.5 mg/ml of CAF (Fig. 4A) . Mutants lacking the DNAbinding Fis protein are particularly susceptible, already showing effects at 0.5 mg/ml CAF (Fig. 4B) . Table 1 charts a larger set of mutants that show increased susceptibility to CAF. These data indicate that CAF affects DNA replication (as shown by the susceptibility of mutants with mutations affecting the primosome [holC, holD, priB]) and proofreading (dnaQ), subsequently leading to double-strand breaks, as suggested by the susceptibility of recA, recB, recC, uvrD, xseA, and xseB mutants.
Effects on ciprofloxacin, bleomycin, and cisplatin. Because CAF has been reported to enhance the effects of certain bleomy- cins in E. coli (30) and of cisplatin (CPT) in human ovarian cancer cell lines (52), we investigated the effects of CAF on bleomycin and CPT, as well as on a third antimicrobial agent, ciprofloxacin (CIP). We failed to detect enhancement of toxicity by caffeine for either bleomycin or CPT, and we failed to detect a difference in sensitivity between the wild type and alkB mutants for any of the three agents (data not shown). However, the combination of CAF plus CIP produced a result opposite that observed above for CAF plus KAN: caffeine suppresses killing by ciprofloxacin. Figure 5 depicts a plate with a set of mutants from the Keio collection that show increased sensitivities to one of a number of antibiotics tested (45, 63) . The MIC for the starting strain (designated the wild type) is 16 to 20 ng/ml of CIP. At 7.5 ng/ml, a number of mutants display increased sensitivities (e.g., ygcO, deoT, dksA, fis, and recA mutants [ Fig. 5, top] ). Increasing concentrations of CAF suppress the killing of these more sensitive mutants (Fig. 5, center and bottom). We also looked at the effects of CAF on CIP-mediated killing of Bacillus anthracis (the Sterne strain), since CIP is a drug of choice in combating the effects of B. anthracis infection. These results are depicted in Fig. 6 , which shows that caffeine indeed suppresses the killing of B. anthracis by CIP at 20 ng/ml, and even partially at 25 ng/ml.
DISCUSSION
Because the gene knockout mutants in the Keio collection result from deleting a gene and substituting a gene conferring resistance 
FIG 5
Suppression of the sensitivity of E. coli to ciprofloxacin by caffeine. A set of mutants was printed onto a medium containing 7.5 ng/ml CIP either alone or together with 0.25 or 0.5 mg/ml CAF and was incubated at 37°C for 18 h. to KAN and NEO, studies have not focused on the distribution of gene knockouts that confer increased sensitivity to KAN, although we have examined mutants with increased sensitivity to 50 and 100 g/ml NEO (45), revealing a set of mutants affected in transport and efflux and in the repair of double-stranded breaks. In the work reported here, we have extended this study to include the examination of a set of genes encoding different glycosylases, a dioxygenase, other repair proteins, and translesion synthesis polymerases. These and other gene knockouts can be examined by using higher concentrations of KAN (200 and 300 g/ml) or, more easily, by using 100 g/ml KAN together with subinhibitory concentrations of CAF (0.25 or 0.5 mg/ml [see below]). The results of this analysis paint a compelling picture of KAN treatment resulting in damaged DNA bases that challenge the battery of cell defenses, as seen in Fig. 1 and 2 . At one level, the excision repair system attempts to remove bases it can recognize as damaged bases, as revealed by the increased sensitivity to kanamycin of UvrA-deficient mutants. At a second level, individual glycosylases and other proteins remove specific damaged bases. For glycosylases, this is revealed by the sensitivity of cells deficient in either AlkA, Ada, Tag, Ogt, YbzA, KsgA, or Nth and, to a lesser extent, Mug and MutM. MutY-and Ung-deficient cells appear similar to the wild type or only slightly more sensitive under certain conditions. Cells lacking the Ada-regulated AidB protein (for a review, see reference 38) display no greater sensitivity than the wild type (data not shown). In addition to the glycosylases, cells lacking one of three other repair proteins (AlkB, PhrB, SmbC [see below]) display greatly increased sensitivity. When the number of DNA replication-blocking lesions exceeds the capacity of the repair proteins involved in the direct removal of lesions, a third level of protection from killing ensues: translesion synthesis mediated by Pol V (56, 64) occurs, as shown here by the increased sensitivity to kanamycin of umuC mutants deficient in Pol V. Note that Pol V has been shown to allow bypass of toxic guanine oxidation products (50) . (The role of dinB-encoded Pol IV translesion synthesis [29, 66] here is less clear [ Fig. 1 and 2 ].) At a fourth level, when replication blockage persists and leads to double-strand breaks, repair of these breaks is mediated by the recABC recombinational repair system (2, 31, 43) . When this capacity is exceeded, cell death results. The increased susceptibility to KAN of strains such as AlkB-deficient mutants is not limited to lower concentrations (0.5ϫ MIC) of KAN but also occurs during a short exposure to higher concentrations. In this regard, we have exposed wild-type and AlkB-deficient mutants to high (25ϫ MIC) KAN concentrations, which are then washed out before plating on antibiotic-free medium. After 1 h, the killing of an AlkB-deficient mutant is 6.4-fold greater than that of the wild type; that is, survival is 0.36% for the AlkB mutant versus 2.3% for the wild type (data not shown).
What is the damage to DNA that requires these repair proteins? Many of the proteins featured in Fig. 1 and 2 have been shown to remove bases in addition to those for which they were originally characterized, and in many cases this involves alkylation or oxidative damage, which has been recognized for quite some time as being toxic to cells (for a review, see reference 38). For example, AlkB was initially characterized as a dioxygenase resulting in the removal of the lesions 1-methyladenine and 3-methylcytosine, and its action was subsequently found to extend to 3-alkylpyrimidines and 1-alkylpurines (21, 24, 42) . However, Essigmann and coworkers have shown that AlkB is the principal enzyme that removes 1,N 6 -ethenoadenine and 1,N 6 -ethenocytosine (20) as well as 1,N 6 -ethanoadenine (28) , adducts that can result from hydroxyl radical lipid peroxidation-mediated DNA damage (25) . Other glycosylases that remove oxidized bases include AlkA (7, 46) , MUG (37, 59) , KsgA (71) , and endonucleases III (55, 62) and VIII, encoded by the nth gene (33) and the nei gene (36, 48) , respectively. Tag, Ogt, and the recently characterized YbzA remove alkylated bases (47) , but it is possible that they may also contribute to the removal of as yet unidentified adducts. Among the oxygenase-or glycosylase-deficient strains, mutants deficient in AlkB display the greatest sensitivity to KAN, perhaps pointing to the ethenoadenine and ethanoadenine adducts resulting from hydroxyl radical-generated lipid peroxidation (13, 25) as playing a key role in KAN-mediated cell death.
The results obtained in this study also provide evidence for the biological relevance of additional activities of other repair proteins. PhrB-deficient mutants lack photorepair (27, 57) . Another incompletely characterized repair protein, SmbC (formerly termed GyrI), was previously shown to be a protein inhibitor of DNA gyrase that protects against natural toxins (11, 12) but is now recognized as being involved somehow in protection from certain kinds of damage to bases, such as adducts generated by alkylating agents (11) . SmbC mutants are highly sensitive to the action of KAN, as shown here ( Fig. 1 and 2 ).
An extensive literature exists documenting the ability of CAF to increase the sensitivity of bacterial and human cells to different antibiotics and DNA-damaging agents, including chemotherapeutic agents (10, 30, 52) . In particular, CAF sensitizes Staphylococcus aureus and Pseudomonas aeruginosa to NEO (10) . CAF can intercalate into DNA (65), inhibit DNA synthesis (58) , and cause frameshift mutations (54 (60) . Acriflavine, another intercalator, appears to inhibit UvrA in a similar manner. However, neither of these effects would explain the effects of CAF on KAN at the concentrations used here, since the sensitivities of UvrA-and PhrB-deficient cells far exceed the sensitivity exhibited by the wild type in the presence of CAF alone (Fig. 2) . Our analysis of the distribution of gene knockout mutants that are more sensitive to CAF alone confirms that caffeine slows down and ultimately blocks DNA replication, leading to doublestrand breaks. It is likely that this effect renders the DNA even more sensitive to the DNA damage that results from KAN treatment. (A genomewide screen of mutants rendering the cell more susceptible to CAF has also been carried out in fission yeast [8] ).
The total set of glycosylases and repair proteins whose absence results in increased sensitivity to KAN suggests the involvement of a plethora of damaged bases. Taken together, these results offer direct evidence confirming the idea that at least KAN and NEO cause cell death by generating reactive oxygen species (39) , since the work reported here shows that damaged DNA bases lead to cell death when they saturate all the cellular capacities to repair them or their effects. Some of these damaged bases may result from direct DNA base damage by reactive oxygen species, whereas others can result from oxidatively damaged lipids that generate alkyl and etheno/ethano adducts. The results reported here also confirm that small-molecule inhibitors of proteins such as AlkB, the crystal structure of which is known (70), might be useful potentiators for certain aminoglycosides.
The suppression of the effects of CIP by CAF is surprising ( Fig.  5 and 6 ), although Kishony and coworkers found a number of drug combinations that resulted in suppression effects (69) . While CIP has a different target than KAN, binding to DNA gyrase (22) , it also leads to double-strand breaks (for a review, see reference 22) . There are numerous studies on the effects of CIP and related quinolones in humans with regard to its inhibition of the cytochrome P450 system and subsequent metabolism of CAF and theophylline (THEO), leading to higher concentrations and increased toxicity of CAF and THEO (see, e.g., references 16 and 34) . The results we report here show that the inverse-the effects of CAF and THEO (data not shown) on the efficacy of CIP-is also important.
